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ABSTRACT:	   A	  manganese-­‐catalyzed	   hydrogenation	   of	   esters	   has	   been	   accomplished	  with	   TON	  up	   to	   1000,	   using	   cheap,	  environmentally	  benign,	  potassium	  carbonate	  and	  simple	  alcohols	  as	  activator	  and	  solvent,	  respectively.	  The	  weakly	  basic	  conditions	  lead	  to	  good	  functional	  group	  tolerance	  and	  enable	  the	  hydrogenation	  of	  enantiomerically	  enriched	  α-­‐chiral	  es-­‐ters	  with	  essentially	  no	  loss	  of	  stereochemical	  integrity.	  
The	  hydrogenation	  of	  esters	  has	  developed	   from	  a	  very	  problematic	   transformation	   around	   10	   years	   ago	   into	   a	  reaction	  of	  developing	  importance	  to	  industrial	  synthesis.1-­‐5	  Ruthenium	  catalysts	  have	  been	  primarily	  studied	  for	  this	  reaction,6-­‐13	   although	   some	   promising	   results	   have	   also	  been	   reported	   using	   iron-­‐based	   catalysts.14-­‐17	   At	   present,	  the	  TON	  exhibited	  by	  Fe-­‐catalysts	  (up	  to	  128017)	  are	  signif-­‐icantly	   lower	   than	   those	  often	   reported	  using	  Ru	  systems	  (up	  to	  10000010,	  19-­‐22).	  Most	  papers,	  whether	  they	  use	  Ru	  or	  Fe,	  make	  use	  of	  alkoxide	  bases	  as	  an	  activator.	  Such	  bases	  are	  quite	  expensive,	  can	  be	  intolerant	  of	  functional	  groups	  and	  cause	  racemization	  of	  stereogenic	  centres.	  There	  are	  a	  small	   number	   of	   cases	   where	   the	   stable,	   cheaper	   pre-­‐catalysts	   were	   converted	   into	   hydride-­‐borohydride	   com-­‐plexes	  such	  as	  123,	  224	  or	  314	  (Fig.	  1)	  using	  a	  large	  excess	  of	  sodium	  borohydride	  (10	  -­‐25	  equivalents)	  to	  form	  catalysts	  that	   can	   operate	   under	   base-­‐free.	   Bifunctional	   ligands	  within	  a	  catalyst	  can	  also	  be	  deprotonated	  prior	  to	  cataly-­‐sis	  as	  another	  pre-­‐activated	  catalyst	  option.25-­‐29	  The	  proce-­‐dures	  with	  the	  highest	  TON	  reported	  have	  tended	  to	  use	  a	  strong	  base	  activator.	  The	   use	   of	  manganese	   reduction	   catalysts	   has	  many	   of	  the	   appealing	   features	   of	   Fe	   catalysis,	   since	   it	   is	   a	   highly	  abundant	   non-­‐toxic	   element;	   it	   is	   a	  metal	   of	   limited	   con-­‐cern	  in	  pharmaceutical	  manufacture	  with	  tolerance	  of	  250	  ppm	   relative	   to	   5-­‐10	   ppm	   for	   precious	   metals.30	   Manga-­‐nese	   reduction	   catalysis	   is	   now	   beginning	   to	   receive	   the	  attention	  it	  merits.31-­‐35	  Recently,	   we	   discovered	   that	   a	   manganese	   complex,	   4	  (Fig.	  1)	  derived	  from	  a	  PNN	  ligand,	  can	  hydrogenate	  esters	  
at	   just	  75	   oC	  using	  1	  mol	  %	  catalyst,	  and	  10	  mol	  %	  of	   the	  common	  activator	  KOBut.31	  
	  
Figure	   1.	   Examples	   of	   transition	  metal	   catalysts	   used	   in	  
ester	  hydrogenation	  (Note	  rac-­‐4	  is	  a	  50/50	  mixture	  of	  Rc,	  
Sp	  isomer	  as	  above	  and	  Sc,	  Rp	  isomer).	  Other	  publications	  reported	  at	   this	   time	  using	  manganese	  also	  make	  use	  of	  strongly	  basic	  activators;32-­‐35	  most	  esters	  were	  reduced	  at	  around	  100	  oC	  using	  around	  1	  mol	  %	  cata-­‐lyst.	  To	  our	  knowledge,	  the	  only	  earth	  abundant	  metal	  cat-­‐alyst	  reducing	  a	  range	  of	  esters	  at	  below	  1	  mol	  %	  catalyst	  loading	   is	  a	   report	  on	  a	  Mn	  system	   that	  unfortunately	   re-­‐quired	  75	  mol	  %	  of	  alkoxide	  activator	  in	  order	  for	  0.2	  mol	  %	  of	  catalyst	  to	  be	  used	  at	  100	  oC.35a	  The	  reactivity	  exhibit-­‐ed	   by	   our	   un-­‐optimized	   system	   implied	   it	  might	   be	  more	  reactive	   than	   the	   state-­‐of-­‐the-­‐art	   manganese	   hydrogena-­‐tion	  catalysts,	  and	  that	  development	  of	  practical	  conditions	  was	  a	  highly	  worthwhile	  goal.	  Here,	  we	  show	  that	   the	   ra-­‐
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cemic	   Mn	   catalyst,	   rac-­‐4	   can	   deliver	   a	   high	   TON	   for	   an	  earth-­‐abundant	  metal	  system	  using	  cheap,	  environmental-­‐ly	   benign	   solvent	   and	   base.	   The	   use	   of	   the	   weakly	   basic	  conditions	   allows	   the	   hydrogenation	   of	   chiral	   esters	  with	  complete	  retention	  of	  configuration.	  	  
Table	  1.	  Hydrogenation	  of	  achiral	  estersa	  
	  a.	   Reaction	   conditions:	   1.6	   mmol	   substrate,	   0.0016-­‐0.016	  
mmol	  4,	  0.16	  mmol	  K2CO3,	  50	  bar	  H2,	  ethanol	  or	   isopropanol	  (0.5-­‐0.6	  M),	  90	   oC,	  16	  h,	  using	  1-­‐methylnaphthalene	  as	   inter-­‐nal	  standard;	  b.	  catalyst	   loading	   in	  mol	  %;	  c.	   isolated	  yield	   in	  brackets;	  d.	  reaction	  run	  in	  isopropanol;	  e.	  using	  20	  bar	  H2;	  f.	  methyl	  ester	  of	  the	  starting	  material	  used;	  g.	  isolated	  as	  a	  mix-­‐ture	  of	  cis/trans.	  	  	  We	  were	  delighted	  to	  find	  that	  we	  could	  reduce	  test	  sub-­‐strate	   ethyl	   p-­‐fluorobenzoate	   (5a)	   to	   the	   p-­‐fluorobenzyl	  alcohol	  (6a)	  using	  different	  inorganic	  bases	  (see	  Table	  S1)	  using	  0.1	  mol	  %	  of	   catalyst	  rac-­‐4	   at	  90	   oC.	   In	  general,	  po-­‐tassium	  bases	  performed	  much	  better	   than	  sodium	  bases.	  Potassium	  hydroxide,	   carbonate	   and	  phosphate	   stood	  out	  as	   candidates,	   and	  we	  decided	   to	  use	   the	   inexpensive	  po-­‐tassium	   carbonate	   as	   the	   preferred	   base.	   	  We	   found	   that	  either	  ethanol	  or	  isopropanol	  could	  be	  used	  as	  the	  solvent	  (Table	  1,	  entry	  1-­‐3)	  and	  that	  5a	  could	  be	  reduced	  using	  20	  
bar	  of	  hydrogen	  gas	  (Table	  1,	  entry	  3).	  With	  these	  results	  in	  hand,	  we	  explored	  these	  conditions	  using	  different	  sub-­‐strates	   (Table	   1).	   	   The	   catalyst	   readily	   reduced	   aromatic	  (Table	  1	  entries	  1-­‐6	  and	  9)	  and	  aliphatic	  esters	  (entries	  7-­‐8	  and	   10).	   Functional	   groups	   such	   as	   bromine	   (entry	   3),	  amino	  (entry	  6)	  and	  pyridine	  (entry	  9)	  were	  well	  tolerated.	  Oxirane	   ester	  5h	   (entry	   10)	  was	   reduced	  without	   loss	   of	  the	   oxirane	   ring	   to	   its	   corresponding	   alcohol	   (6h),	   alt-­‐hough	  1	  mol	  %	  of	  catalyst	  was	  required	  to	  give	  good	  yield.	  	  Ambrox®	   is	   used	   in	   the	   fragrance	   industry	   as	   both	   a	  fixant	   and	   for	   creating	   notes	   of	   ambergris.	   One	   synthetic	  route	   to	   this	   compound	   starts	   from	   the	   lactone	   R-­‐(+)-­‐sclareolide	   (7a).36-­‐38	   Using	   the	   developed	   conditions,	   7a	  was	  readily	  reduced	  to	  the	  diol	  	  8a	  on	  a	  multi-­‐gram	  scale	  in	  good	   isolated	  yield	   (75%)	  using	  0.1	  mol	  %	  of	   the	  catalyst	  in	  ethanol	  (Scheme	  1).	  	  	  
Scheme	  1.	  Hydrogenation	  of	  sclareolide	  using	  catalyst	  
rac-­‐4a.	  	  
	  a.	  Reaction	  conditions:	  20.0	  mmol	   (R)-­‐(+)-­‐Sclareolide,	  0.02	  mmol	   rac-­‐4,	   2.0	   mmol	   K2CO3,	   50	   bar	   hydrogen	   gas,	   ethanol	  (0.4	  M),	  90	  oC,	  16	  h.	  	  	  The	  highly	  efficient	  reactions	  possible	  with	  the	  chiral	  ester,	  Sclareolide,	  led	  us	  to	  consider	  the	  more	  challenging	  hydro-­‐genations	  of	  α-­‐chiral	  esters.	  It	  is	  known	  that	  alkoxide	  bases	  cause	   epimerization	   of	   stereogenic	   centers	   alpha	   to	   ester	  functions,39-­‐40	  and	  our	  experiments	  with	  some	  of	  the	  esters	  used	   here	   confirm	   just	   how	   rapid	   this	   can	   be	   (Fig.	   S1).18	  Therefore,	   the	   successful	   use	   of	   pre-­‐activated	   catalysts	   to	  reduce	  α-­‐chiral	   esters	   has	   only	   been	   reported	   using	   pre-­‐cious	  metal	   systems,23-­‐24	   and	   since	  pre-­‐activated	   catalysts	  are	   less	   stable	   and	   more	   expensive	   to	   produce,	   a	   better	  solution	  to	  this	  issue	  is	  needed.	  The	  need	  for	  this	  method-­‐ology	  initially	  arose	  in	  a	  synthesis	  of	  the	  key	  chiral	  building	  block	  for	  the	  synthesis	  of	  the	  antibiotic	  nemonoxacin.41	   In	  our	   hands,	   we	   were	   unable	   to	   reduce	   the	   tri-­‐benzylated	  glycine	  9a	  using	  the	  pre-­‐activated	  Ru	  system,	  Ru-­‐MACHO-­‐borohydride.	   While	   it	   is	   perfectly	   possible,	   that	   further	  research	  would	   solve	   this	   problem	   using	   Ru	   systems,	  we	  examined	  the	  Mn	  catalyst	  under	  the	  weak	  base	  conditions	  and	   were	   delighted	   to	   find	   (S)-­‐2-­‐(dibenzylamino)pent-­‐4-­‐en-­‐1-­‐ol,	  10a	  could	  be	  formed	  with	  no	  loss	  of	  stereochemi-­‐cal	  integrity	  at	  as	  low	  temperature	  as	  50	  oC	  using	  1	  mol	  %	  
rac-­‐4	  and	  10	  mol	  %	  K2CO3	  (Table	  2,	  entry	  1).	  Following	  this	  success,	  other	  α-­‐chiral	  amino	  acid	  esters	  were	  tested	  (Ta-­‐ble	  2,	   entries	  2-­‐4).	  We	   found	   that	   the	  amino	   functionality	  needed	  to	  be	  fully	  protected	  to	  ensure	  both	  full	  conversion	  and	   full	   retention	   of	   stereochemical	   integrity	   under	   the	  reaction	   conditions	   (free	   amino	   acid	   esters	   gave	   partially	  racemized	   products).	   Other	   amino	   acid	   derivatives	   were	  
entry	   product	   catalystb	   conversion	  (%)c	  1	   	   0.1	   >99	  (90)	  2d	   	   0.1	   >99	  (79)	  3e	   	   0.1	   >99	  (90)	  4f	   	   0.1	   >99	  (82)	  
5	   	   0.1	   >99	  (95)	  6f	   	   0.5	   >99	  (88)	  7	   	   0.1	   >99	  (70)	  8	   	   0.1	   >99	  (90)	  9	   	   0.1	   >99	  (85)	  10	   	   1.0	   >99	  (71)g	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reduced	  more	  effectively	  at	  110	   oC.	  Even	  at	   this	   tempera-­‐ture,	  no	  observable	  racemization	  of	   the	  stereo	  center	  was	  observed.	  	  	  
Table	  2.	  Hydrogenation	  of	  α-­‐chiral	  estersa	  
	  
	  a.	   Typical	   conditions:	   1.00	   mmol	   substrate,	   0.010	   mol	   4,	  0.10	  mmol	  K2CO3,	  50	  bar	  hydrogen	  gas,	  ethanol	  or	   isopropa-­‐nol	  (0.4	  M),	  50	  oC,	  16	  h	  using	  1-­‐methylnapthalene	  (0.35	  mmol)	  as	  internal	  standard;	  b.	  ee	  in	  %	  with	  absolute	  configuration	  as	  shown;	  c.	  difference	  between	  product	  and	  starting	  material;	  d.	  
%	  conversion	  and	  isolated	  yield	  (in	  brackets),	  e.	  reaction	  car-­‐ried	  out	  at	  110	  oC.	  With	   the	   successful	   hydrogenation	   of	  α-­‐amino	   acid	   es-­‐ters,	  we	  decided	  to	  try	  the	  even	  more	  sensitive	  α−aryl	  sub-­‐stituted	  chiral	  esters.	  Using	  (S)-­‐ethyl	  naproxen	  (9e)	  as	  the	  test	   substrate,	   we	   initially	   varied	   several	   parameters	   to	  minimize	   the	   level	   of	   racemization	   and	   optimize	   the	   con-­‐version.	  We	  observed	  a	  clear	   temperature	  dependence	  on	  the	   rate	   of	   racemization	   of	   9e	   with	   higher	   temperatures	  leading	   to	   some	   racemization	   within	   a	   short	   time	   frame	  even	  using	  potassium	  carbonate	  as	  the	  base	  (Fig.	  S1).	  This	  indicated	  that	  we	  needed	  to	  carry	  out	  this	  reaction	  at	  rela-­‐tively	   low	   temperature	   (10	   mol	   %	   KOBut	   racemized	   9e	  within	   10	   min	   at	   50	   oC	   in	   isopropanol,	   whilst	   10	   mol	   %	  K2CO3	  left	  the	  ee	  of	  9e	  unchanged	  after	  1	  h,	  Fig.	  S1).	  Next,	  we	   tested	  different	   solvents	   and	   catalyst	   loadings	  and	   found	   that	   isopropanol	  was	   superior	   to	   ethanol	  with	  regard	   to	   lower	   erosion	   of	   the	   enantiomeric	   excess.	   The	  use	   of	   higher	   catalyst	   loading	   showed	   lower	   erosion	   of	  enantiomeric	  excess	  due	   to	  higher	  rates	  of	   reduction	  (Ta-­‐ble	   S2).	   The	   amount	   of	   base	   was	   found	   to	   be	   crucial	   to	  achieve	   good	   conversion	  with	  10	  mol	  %	  of	   base	   found	   to	  give	  the	  best	  results.	  Thus,	   ethyl	   naproxen	   could	   be	   reduced	  with	   no	   loss	   of	  stereogenic	  integrity.	  With	  these	  optimized	  conditions,	  we	  screened	  a	  number	  or	  α-­‐	  and	  β-­‐chiral	  esters	  (Table	  2,	  en-­‐tries	  5-­‐12).	  (R)-­‐ethyl	  2-­‐phenyl	  butyrate	  (9f),	  (S)-­‐ethyl	  ibu-­‐profen	   (9g)	   and	   (S)-­‐ethyl	   2-­‐(4-­‐chlorophenyl)-­‐3-­‐methylbutyrate	  (9h)	  were	  all	  readily	  reduced	  under	  these	  conditions	  with	  minimal	  erosion	  of	  ee.	  β-­‐chiral	  esters	  such	  as	   (R)-­‐ethyl	   3-­‐phenylbutyrate	   (9i)	   and	   both	   (R)-­‐ethyl	  nipecotonate	  (9j)	  and	  cbz	  protected	  (R)-­‐ethyl	  nipecotonate	  (9k)	  were	   reduced	  without	   any	  observable	   change	   in	   en-­‐antiomeric	   excess.	   	   (S)-­‐1-­‐hydromethyl-­‐1,2,3,4-­‐tetrahydronaphthalene	  (10l)	  as	  isolated	  with	  the	  lowest	  ee	  (88%),	  which	  may	  reflect	  it	  being	  not	  very	  reactive	  (Table	  2,	  entry	  12).	  9l	  epimerize	  over	  time	  in	  the	  presence	  of	  10	  mol	  %	   K2CO3	   without	   catalyst,	   with	   an	   erosion	   of	   5%	   ee	  after	  4	  h	  at	  50	  oC	  (Figure	  S3).	  	  In	   summary,	  we	   have	   developed	   a	   convenient	   protocol	  for	   the	  hydrogenation	  of	  achiral	  esters	  and	   lactones	  using	  low	   catalyst	   loading,	   benign	  weak	   base	   and	   alcoholic	   sol-­‐vents.	   This	   protocol	   enables	   the	   reduction	   of	  α-­‐chiral	   es-­‐ters	  with	  essentially	  no	  loss	  of	  enantiomeric	  purity.	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